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Methanation reactions of CO or CO z catalyzed by a commercial Ni/kiesel-guhr catalyst, and the 
adsorption of the relevant reactants and products, were studied with an in situ magnetic induction 
method using a low-field ac permeameter. At the conditions studied, CH4 was the only product ob- 
served and both reactions exhibited similar rates and trends. Comparison of the magnetic data under 
reaction to the individual contributions expected from adsorption suggests that adsorbed CO was the 
dominant surface species in CO methanation, while adsorbed CH4 was the dominant species in CO2 
methanation. The reaction rate and relative magnetic loss were modeled using parameters obtained 
from single-species magnetic-adsorption data. Adsorptions were modeled with a Langmuir-type iso- 
therm. Rates of methanation were successfully described by a Langmuir--Hinshelwood rate expres- 
sion using the single-species adsorption parameters and extracting the surface-reaction rate constant. 
The magnetic loss was predicted then, using predetermined parameters, and compared to observa- 
tions. Adequate prediction was observed for CO2 methanation whereas significant deviation exists 
for CO methanation. The latter result is due to the falsification of CO and possibly CH 4 adsorption 
parameters by irreversible processes. © 1991 Academic Press, Inc. 

INTRODUCTION 

Determination of actual reaction mecha- 
nisms invariably requires knowledge of the 
physicochemical behavior of reactive spe- 
cies and of the catalyst during reaction. The 
application of in situ experimental tech- 
niques enables one to obtain such informa- 
tion directly, as opposed to indirect informa- 
tion based on a mechanism that yields a 
rate equation which describes the results 
statistically. Ideally, one wants to obtain in 
situ data at conditions for which the particu- 
lar reaction is to be of practical use. Unfor- 
tunately, however, successful application of 
most in situ techniques of surface science 
requires performing experiments under con- 
trolled conditions (e.g., high vacuum, with 
well-defined, single-crystal metal surfaces) 
which are not typical of commercial cata- 
lytic processes. Infrared spectroscopy (IR), 
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solid electrolyte potentiometry (SEP), con- 
tact potential difference (CPD), Mossbauer 
Spectroscopy, X-ray techniques, and mag- 
netic induction methods are common sur- 
face science techniques which can be ap- 
plied at non-vacuum reactor conditions. 
Magnetic induction methods are particu- 
larly suitable for the in situ study of practical 
catalytic phenomena, since catalysts can be 
studied in their natural working state; meth- 
ods of IR, SEP, and CPD require the use of 
special catalyst preparations (compressed 
disks of catalyst material, or thin metal 
films). Magnetic induction methods are ordi- 
narily used for studying processes with Fe, 
Co, or Ni-based catalysts. These metals are 
widely employed as components of cata- 
lysts in commercial hydrotreating pro- 
cesses. 

The main objective of this study is to in- 
vestigate and compare the in situ behavior 
of CO and CO 2 methanation catalyzed by 
Ni/kieselguhr, under atmospheric pressure, 
by using a low-field ac magnetic-induction 
method. For each reaction in situ changes 
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in catalyst magnetization will be related to 
the gas-phase composition, to the attained 
reaction rate, and to the expected individual 
contributions due to adsorption on the cata- 
lyst. That will enable us to identify the domi- 
nant surface species. Another objective of 
this work is to present a practical method for 
incorporating this information in the kinetic 
modeling. The in situ magnetic-adsorption 
data of individual components will provide 
adsorption parameters to be used in the rate 
expression. The measured reaction rates are 
then fitted with an expression having a single 
adjustable parameter. The measured mag- 
netic-reaction data now can be compared 
(with no adjustment) to the prediction of the 
rate expression and the adsorption iso- 
therms. 

Application of the magnetic-induction 
method to the study of catalytic processes 
on supported metal catalysts requires that 
the catalyst particles exhibit a special form 
of magnetism which has combined charac- 
teristics of ordinary paramagnetism and fer- 
romagnetism. Sufficiently small particles of 
ferromagnetic material (<500 A, for Ni), 
when placed in an external field, tend to 
behave like paramagnetic atoms which have 
a very large magnetic moment, characteris- 
tic of a ferromagnetic. Such particles are 
said to exhibit superparamagnetism (1). In- 
terpretation of magnetic data obtained from 
applying magnetic induction methods is 
based upon the analysis used by Selwood 
(2). At conditions for which the catalyst 
magnetization, M(Ti) , is far from its satura- 
tion value and under the assumption that the 
particles are uniform, the magnetization of 
a group o f N  superparamagnetic particles at 
temperature T;, each of volume Up, can be 
written as 

2 "~ 
M(T~) = NI~(T~)ubH 

3kTz ' (l) 

where H is the magnetic field, l~(Ti) is the 
spontaneous magnetization (sometimes 
called the saturation magnetization) of the 
catalyst, and k is Boltzmann's constant. As 
a result of the chemisorption process, the 

magnetic moment of a given particle, Isvp, 
changes by A/~, and the relative change in 
magnetization for the catalyst is written as 

AM -2Ap, (A/,t2 
M - -  /sPp + - -  (2) \ I s P p /  " 

Thus, by monitoring the relative change in 
catalyst magnetization, one can obtain in 
sRu information on the change in the chemi- 
sorbed state of the catalyst. 

The surface behavior of many commer- 
cially important absorbates, on Ni/SiO2 or 
Ni/kieselguhr catalysts, has been success- 
fully investigated by employing in situ mag- 
netic induction methods. The interaction of 
hydrogen with adsorbed species is some- 
times discussed in these adsorption studies. 
However, few studies have applied the mag- 
netic induction method specifically for in- 
vestigating nickel catalyzed hydrogenation 
reactions. Van Meerten et al. (3) studied 
the structure sensitivity and crystallite size 
change of nickel during CO methanation on 
Ni/SiO2 catalysts, using low-field magnetic 
induction techniques; an earlier study (4) 
focused attention on the gas-phase hydroge- 
nation and adsorption of benzene and its 
hydrogenation products. The methanations 
of CO and CO2 were studied (5, 6), by em- 
ploying especially prepared nickel catalysts 
and high-field magnetic-induction tech- 
niques. In their studies, a physically consis- 
tent rate equation for CO methanation, and 
a wealth of mechanistic information were 
obtained from the in situ magnetic data. A 
low-field ac permeameter was used by Cale 
(7), for studying nickel crystallite thermom- 
etry during hydrogenolysis of C2H 6. 

E X P E R I M E N T A L  

Apparatus 

Reactor system. Adsorption and hydroge- 
nation studies were performed with a labo- 
ratory scale, continuous flow, fixed bed, ca- 
talytic reactor system. The feed gases 
(hydrogen, carbon monoxide, carbon diox- 
ide, methane, oxygen, and helium), each 
having a purity better than 99.9%, were sup- 
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FIG. I. Detail view of the reactor/magnetic system. 

plied from regulated cylinders. An elec- 
tronic mass flow control system (Brooks, 
model 5878) was used for precise control 
of volumetric flow rates. In-line molecular 
sieves (5 A) drying cylinders and 5-~m filters 
removed traces of water and any particu- 
lates from the feed gases. Deoxo units were 
connected to the hydrogen and helium lines. 
An auxiallary helium feed system was used 
for purging and maintaining the catalyst in 
an inert environment. The reactor was a 
3.86-mm-i.d. stainless-steel tube, 40 cm in 
length, mounted vertically (Fig. 1). The cat- 
alyst bed (about 0.23 cm 3) consisted of a 
0.60-gram sample of Ni/kieselguhr parti- 
cles. Reaction gas flowed downward 
through the catalyst bed, which was sup- 
ported by a thin layer of Pyrex glass wool. 
The reactor heater, an aluminum tube (2.8- 
cm i.d. and 30-cm length), wrapped with 

cylindrical windings of thin nichrome wire 
sandwiched between layers of asbestos, was 
manually controlled with a variac. Process 
thermocouples (Type K) were used to mea- 
sure the temperatures of entering and exit- 
ing gas, as well as the top and bottom of 
the catalyst bed. Precision shut-off valve, 
positioned upstream from the reactor inlet, 
enabled diversion of the feed and bypass 
of the reactor for sampling and chemical 
analysis. A heating tape was wrapped 
around the outlet line; this prevented con- 
densation of water in the reactor effluent. 
The outlet line was directly connected to the 
mass spectrometer. 

Catalyst. The commercial Ni/kieselguhr 
catalyst (Harshaw Chemicals, Ni-6458 T) 
contained about 60% nickel in its reduced 
form and had a BET surface area of 150 m2/ 
g. X-ray diffraction line-broadening analysis 
of the reduced catalyst showed that the av- 
erage Ni crystallite diameter was 17.5 nm. 
The Scherrer equation was used for evaluat- 
ing the X-ray diffraction data, with a CuKa 
X-ray wavelength of 0.1542 nm and a Scher- 
rer constant of 0.90 (8). Catalyst tablets 
were crushed and sieved to 0.23-mm aver- 
age diameter before charging to the reactor. 
Several charges of 0.60-g catalyst were used 
throughout the study. 

AC magnetic permeameter. In situ mag- 
netic measurements were performed with a 
magnetic permeameter especially built 
around the reactor system (Fig. l). The pri- 
mary coil consisted of about 3500 turns of 
polyvinyl insulated copper wire (1.5-mm 
diam), wound on an asbestos core 5.2-cm 
i.d. and 12.0 cm long. Power to the primary 
coil was supplied by a variable function reg- 
ulated ac power supply, with a step-up volt- 
age transformer included in the circuit. The 
primary coil was operated with a current of 
2.15 A and a frequency of 160 Hz. The cur- 
rent was sufficiently low as not to require a 
special cooling system around the coil, and 
the frequency was high enough for stable 
input current and noninterference from 
mainline frequency (50-60 Hz). At these 
conditions, superparamagnetic behavior 
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was observed for the catalyst samples. Two 
secondary coils compactly fitted around the 
tubular reactor and inside the reactor 
heater. The catalyst bed was at the center 
of the lower secondary coil; the upper coil 
surrounded the empty reactor tube as a ref- 
erence. Each coil, 3.5 cm long, consisting of 
about 2800 turns of nonmagnetic chromium 
alloy wire (0.025 cm) with glass braid insula- 
tion, was wound onto a single, precision- 
machined brass form (2.8-cm o.d., 17.8 cm 
long). The outer winding of each coil was 
protected with a thin wrapping of mica, 
firmly held by thin copper bands. The brass 
form contained narrow channels filled with 
ceramic tubing for the purpose of guiding 
secondary coil thermocouple wires. The 
secondary coils were connected in opposi- 
tion, whereby the net secondary output de- 
pended only on the difference in magnetic 
permeability between the materials sur- 
rounded by the coils. The secondary coil 
system could be operated consistently at 
temperatures up to 700 K. The net output of 
the secondary coils was fed into an ac to 
dc rectifier/amplifier device. High- and low- 
pass electronic filters in the circuit-en- 
hanced stability and accuracy of the output 
signal. The treated output was read on a 
digital multi-meter (Keithley, model 175 
AMM). 

Analytical system. A quadrupole mass 
spectrometer (Balzers, QMG 511) was em- 
ployed for analysis of reactor feed and ef- 
fluent. Once inside the mass analyzer, anal- 
ysis time for a sample was of the order of 
seconds. This rapid analysis time was criti- 
cally important for synchronization of the 
kinetic and magnetic data. The mass ana- 
lyzer contained a tungsten-rhenium fila- 
ment operating at an ionization potential of 
70 eV. Vacuum conditions in the mass spec- 
trometer were maintained by a coordinated 
multiple pumping system, including a turbo- 
molecular pump. The pressure in the vac- 
uum chamber was measured with a hot cath- 
ode (thoriated iridium) Bayard-Alpert 
ionization gauge. Reactor effluent was con- 
tinuously fed into the mass spectrometer via 

a heated stainless-steel capillary tube. Re- 
producible analytical conditions were main- 
tained by baking out the vacuum chamber 
and its contents, prior to each hydrogena- 
tion or adsorption series, and by outgassing 
the ionization filaments at a current high 
enough to burn off chemical deposits (pri- 
marily carbon). Calibration and determina- 
tion of sensitivity factors of the particular 
compounds under study were routinely per- 
formed. 

Procedures 

Catalyst reduction. A standard catalyst 
reduction procedure was used to maintain 
the nickel catalyst active for the kinetic and 
magnetic experiments. While under a He 
stream, the catalyst was gradually heated 
from room temperature to 673 K, in 2 h. It 
then was held at 673 K for 1 h and then 
cooled to room temperature. A series of He/ 
H 2 mixtures with increasing H 2 content was 
vented through the reactor. Pure H 2 was 
then passed through the reactor, which was 
at about 120 kPa. After 30 min at room tem- 
perature, the reactor was gradually heated 
to 673 K in 2 h held at 673 K for at least 15 
h, and was cooled to 403 K. Finally, the H~ 
purge was replaced by a He purge. A large 
increase in catalyst magnetization (second- 
ary coil output), following the reduction pro- 
cedure, indicated that the catalyst had 
reached its magnetically and catalytically 
active state. 

Thermal characterization o f  the reactor/ 
magnetic system. As kinetic and magnetic 
measurements are sensitive functions of 
temperature, it was necessary to investigate 
the thermal characteristics of the reactor/ 
magnetic system. During a typical experi- 
ment, catalyst temperatures at the top and 
bottom of the catalyst bed were measured, 
while secondary coil temperatures were 
monitored with junctions embedded near 
the coil wrappings (see Fig. I). Additional 
experiments were performed, to determine 
temperature gradients along the bed, by 
changing the vertical position of the thermo- 
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couple junctions along the reactor tube dur- 
ing reaction. The temperature distribution 
was first measured with preadsorbed H2 be- 
fore admission of the second reactant. Prior 
to reaction certain gradients existed 
throughout the reactor/magnetic system 
due to its physical configuration and the ini- 
tial flow of hydrogen. Thereafter, tempera- 
tures were recorded when the reaction 
reached steady state. Catalyst top tempera- 
ture was maintained constant; it was used 
as the reference temperature throughout the 
reaction studies. Temperature gradients un- 
der reaction ordinarily increased as a result 
of the exothermicity of the reaction and it 
was necessary to decrease the heat supplied 
to the reactor via the externally controlled 
tubular heater. For example, at 573 K, the 
longitudinal thermal gradient (along the cat- 
alyst bed) reached about 15 ° . The gradient 
due to reaction, however, was usually less 
than 5 ° . The temperature difference be- 
tween the secondary coils was always less 
than 5 ° , and remained essentially constant 
before and during reaction. 

Methanation reactions. Prior to each 
methanation run the catalyst was reduced in 
H2, cleaned with He, and then cooled to 
initial reaction temperature. The catalyst 
was then brought to a steady state with ad- 
sorbed H 2 . In a typical run the reactant con- 
centration was increased, by steps of 0.5 
vol%, up to 5.0 vol% and then decreased 
again in order to search for possible instabil- 
ities (e.g., hysteresis) and to test for experi- 
mental reproducibility. Steady state was 
maintained for at least 30 min before reac- 
tion data was recorded. For the conditions 
employed in this study, it was determined 
that heat and mass transport limitations 
were not significant and the results repre- 
sent intrinsic kinetics (9). 

Adsorption studies. The adsorption prop- 
erties of single components were deter- 
mined from the change in catalyst magneti- 
zation as a function of gas-phase 
concentration in He, while maintaining a 
constant total pressure. Prior to each ad- 

sorption experiment the catalyst was re- 
duced, hydrogen was then purged from the 
reactor with He flow and the reactor was 
cooled to a constant temperature. Ad- 
sorbate/He mixtures were introduced to the 
catalyst. After each change in composition, 
at least 15 min were given for attainment of 
steady state. Secondary coil output, cata- 
lyst, and secondary coil temperatures were 
then recorded. At the end of each run pure 
He was flowed though the reactor and the 
recovery of catalyst magnetization, at con- 
stant temperature, was recorded. At the end 
of every sequence, the catalyst was heated 
in either pure He or in mixtures of Hz and 
He, while monitoring the desorption prod- 
ucts with the mass spectrometer. To assure 
uniformity in comparing the results, a new 
catalyst sample (from the same batch) was 
used for each adsorbate. Catalyst magneti- 
zation was periodically measured as a func- 
tion of temperature, in flowing He or H 2, 
between adsorption experiments. This 
served as a direct check on the magnetic 
activity of the catalyst. 

Catalyst activity. Catalyst activity was 
monitored in two ways: kinetic and mag- 
netic. For each catalyst sample, kinetic ac- 
tivity was monitored by periodically re- 
peating methanation or adsorption 
experiments. Magnetic activity was moni- 
tored by measuring the magnetization as a 
function of temperature, before and after 
methanation or adsorption runs, while the 
catalyst was under He flow. Variation of 
catalyst activity with exposure time (not in- 
cluding periods between runs when the cata- 
lyst was exposed to pure He at about 420 K) 
was strongly dependent on the particular 
methanation conditions used. Reproducible 
activity, during the methanation reactions, 
was reached after about 20 to 30 exposure 
hours. Steady-state concentration and mag- 
netic output were sufficiently reproducible 
then to justify the use of average values in 
the data analysis. At least five methanation 
runs (about 85 h) were performed before 
irreversible deactivation had been ob- 
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served; thereupon, the catalyst sample was 
replaced. 

Methodology o f  the 
Magnetic Measurements 

The magnetic behavior of the catalyst was 
characterized in order to determine the ap- 
proximate deviation from ideal superpara- 
magnetic behavior and in order to determine 
the temperature dependence of the sponta- 
neous magnetization, l~(Ti), in Eq. (1). In 
this study, the low-field approximation to 
the Langevin function was employed, since 
the maximum field strength produced by the 
primary coil was calculated to be less than 
0.1 T (9). Evidence for superparamagnetic 
behavior of the catalyst, in the reduced state 
and when exposed to He flow, was tested 
against two criteria. 

The first criterion is a linear relationship 
between the secondary coil output (catalyst 
magnetization) and primary coil current (ap- 
plied magnetic field). This dependence was 
measured at different frequencies of the ap- 
plied current (40-180 Hz) and for several 
catalyst temperatures and good agreement 
was observed. Values of secondary coil out- 
put were corrected for by subtracting the 
background voltage obtained for the reactor 
system when glass beads were substituted 
for a catalyst sample. The secondary coil 
output was also measured as a function of 
catalyst temperature at constant magnetic 
field. The catalyst magnetization dropped 
with increasing temperature. Above 450 K, 
the nonlinearity in the temperature depen- 
dence became significant, illustrating that 
spontaneous magnetization of the nickel 
catalyst was inversely proportional to tem- 
perature. 

The second criterion of superparamagne- 
tism is that the magnetization obtained at 
different temperatures should superimpose 
if plotted with respect to H / T  (primary coil 
current divided by absolute temperature), 
after accounting for the change of spontane- 
ous magnetization, I S, with temperature. In 
this study, saturation magnetizations were 

not measured, and since values of Is(T,-) for 
bulk nickel are not necessarily equivalent to 
those for a particular nickel catalyst under 
study (10), a normalization procedure was 
necessary to account for the temperature 
dependence of the spontaneous magnetiza- 
tion. The procedure is based on a method 
used by Cale et al. (10), in which relative 
magnetic moments are calculated from low- 
field magnetic data, without having to deter- 
mine absolute values of Is(Ti) or catalyst 
magnetic volume. We can define the relative 
magnetic moment, y, at temperature T i, 
with respect to a constant reference temper- 
ature T r, as 

I~(Ti) 
T(T~, Tr) = /~(Tr) (3) 

Combination of Eq. (1) and (3) gives 

M(Ti ) 2 - NIs(Tr)v~H (4) 
"y 2(Ti, Tr) 3kT, 

Therefore, we can define normalized mag- 
netization as 

M( Ti ), observed 
M(Ti), normalized = 

T 2(Ti, T~) 
(5) 

From Eq. (1), it follows that 

~,(Tg, L )  - t~(rr~ - \ ~ !  " (6) 

This gives an expression for y(Ti, Tr) in 
terms of temperature and magnetization, 
once a reference temperature is chosen. The 
data of the secondary coil output (observed) 
as a function of absolute temperature were 
used in calculating values ofy(Ti, Tr) for the 
temperature range used in this study (Table 
!). A constant reference temperature of 308 
K was chosen for use in the analysis of the 
magnetic data. 

Having determined the temperature de- 
pendence of the spontaneous magnetiza- 
tion, the magnetic data can now be tested 
for the criterion of superposition, by plotting 
the normalized catalyst magnetization 
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Temp.  (K) 308 343 403 453 473 493 523 573 
-y(T i, T308) 1.00 0.94 0.85 0.77 0.74 0.70 0.59 0.39 

against I /T (Fig. 2). In the figure the mag- 
netic data points measured at 308 K are the 
reference values, whereas the data obtained 
at 573 K represents the highest temperature 
employed and better agreement was ob- 
tained at lower temperatures. 

An independent check on the temperature 
behavior of the catalyst magnetization was 
done by comparing values of the relative 
magnetic moment, 3,(T;, Tr), obtained for 
the Ni/kieselguhr catalyst, with those for 
bulk nickel. Relative magnetic moments for 
bulk nickel were calculated from an experi- 
mentally determined plot of spontaneous 
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FIG. 2. Confirming the superparamagnetic behavior 
of the Ni/kieselguhr catalyst. The data shows linear 
dependence on primary coil current (1) and superposi- 
tion of l /T .  Data at 308 K are the reference values while 
measu remen t s  at 573 K were normalized by using Eq. 
(5). 

magnetization as a function of temperature, 
available in the literature (11). Values of 
7(T i, 308 K) are shown plotted as a function 
of reduced temperature, Ti/T c, where Tc is 
the Curie temperature (Fig. 3). The Curie 
temperature for ordinary bulk nickel, 631 
K, need not necessarily apply for the Ni/ 
kieselguhr catalyst used here. Values of the 
relative magnetic moment for the nickel cat- 
alyst were always slightly less than those for 
bulk nickel and the curves show a similar 
trend. This deviation is expected for super- 
paramagnetic nickel particles, because their 
Curie temperature is often less than that of 
bulk phase ferromagnetic nickel. The curves 
in Fig. 3 would approximately overlap if a 
T~ somewhat less than 631 K were used as 
a reference in the reduced temperature. 

Characterization of the magnetic behav- 
ior of the catalyst is standard procedure in 
nearly every catalytic study in which the 
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FIG. 3. Relative magnetic  momen t  as a funct ion of  
reduced temperature  for the Ni /kieselguhr  catalyst  and 
bulk nickel. 
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magnetic induction method is applied. The 1.0 
above discussion indicates that the Ni/kie- 
selguhr catalyst satisfied the principal crite- o.8 

ria of superparamagnetic behavior for small 
nickel particles, exposed to the conditions >~0.8 
employed in this study. 

The normalization procedure can also be ~" o.~ 
applied to Eq. (2) in order to simplify the 
analysis of the magnetic data. The relative 

0.2 
change in catalyst magnetization, at temper- 
ature Ti, is to a first-order approximation, 

0.0 
inversely proportional to I~(Ti), 

(AM) 1 0.0 

~ - -  , observed ~ l~(Ti---~" (7) 

1.0 

By definition, the normalized relative 
change in magnetization is the product of % 2.0 
these equations, 

3.0 

i' normalized + 
4.0 

5.0 

All experimental values of relative magnetic 
loss obtained in this study were calculated 
with this procedure, which enabled compar- 
isons to be made of magnetic data obtained 
at different catalyst temperatures. There- 
fore, the in situ magnetic data presented in 
this study are approximately independent 
of the change in spontaneous magnetization 
with temperature, and should reflect the 
physicochemical behavior of the reaction 
system. 

RESULTS 

Reactions 

The dependence of methane yield and rel- 
ative loss in catalyst magnetization (cor- 
rected for the temperature dependence of 
spontaneous magnetization) on reactant 
feed concentration and on catalyst tempera- 
ture (453-573 K) is shown in Figs. 4 and 5, 
for CO and CO 2 methanations, respectively. 
Magnetic loss values are the difference be- 
tween the recorded values under reaction 

1 2 3 4 5 
I I I I I 

VOi % C O  in H 2 

Temp. (K) 

' ~  x 493 

0 • • 453 

FIG. 4, Yield and magnetic loss during carbon mon- 
oxide hydrogenation at 453-573 K, and 120 kPa total 
pressure. Yield curves are computed with Eq. (20). 
Magnetic-loss curves are plotted to guide the eye (see 
modeling in Fig. 12). 

and the reference state of H 2 adsorption. 
Thus, they represent the change in magnetic 
state due to reaction. Methane and water 
were the only significant products, under 
these conditions. At the lower temperature 
(<473 K), trace amounts of higher hydrocar- 
bons (C2H 6 , C3H8) were detected during CO 
hydrogenation, but were not included in the 
calculations. Material balance of the various 
species during reaction was consistent 
within 5%; the shortage was primarily due 
to analytical limitations associated with the 
mass spectrometer. 

Methane yield declined with increasing 
reactant concentration in the feed, showing 
a similar trend in both methanation reac- 
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FIG. 5. Yield and magnetic loss during carbon dioxide 
hydrogenation at 453-573 K, and 120 kPa total pres- 
sure. Yield curves are computed with Eq. (20). Magne- 
tic-loss curves are plotted to guide the eye (see model- 
ing in Fig. 12). 

tions. Comparison of the data (Figs. 4 and 
5) reveals that the effect of reactant inhibi- 
tion is somewhat smaller in CO2 methana- 2.0 

tion. At a given temperature and concentra- 
tion, C H  4 yields were always large during 
CO2 methanation. At 573 K, conversion to 
CH4 was essentially complete during CO 2 % rr 
methanation, except at the higher feed con- ~. 4.0 
centrations of CO2. Relative magnetic loss 
increased with increasing reactant feed con- - 
centration. With increasing temperature the 
magnetic loss decreased during CO metha- 

6 . 0  nation whereas an opposite trend is ob- 
served during CO2 methanation. Magnetic 
losses during CO 2 methanation, at higher 
temperatures, were approximately linear 
over a wider range of feed concentrations. 
Magnetic losses at low temperatures 
reached an asymptotic value, similar to 

the trend observed during CO methana- 
tion. 

Adsorption Studies 

Steady-state magnetization-concentra- 
tion isotherms for H2, CO, CO 2, and CH4 
were studied at constant total reactor pres- 
sure of 120 kPa, constant total volumetric 
flow rate of 100 ml/min, in the temperature 
range of 453 to 573 K. The experimental 
data, shown in Figs. 6 through 9, represent 
average values calculated from data of at 
least three separate isotherm runs for each 
temperature studied. 

Relative magnetic loss decreased with 
temperature during the adsorption of H2 ; for 
C O ,  C H  4, and CO2, magnetic losses in- 
creased with increasing temperature. Hy- 
drogen adsorption was reversible; original 
values of catalyst magnetization were ob- 
tained upon reversibly sweeping the con- 
centration of H2 in He. The results indicate 
that H 2 adsorption reached apparent ther- 

Vol % H 2 in He 

20 40 60 80 100 
i i = ! 

Temp. (K) 

i ~  • 573 

~ , ~  o 523 

\ \  \ ~ ,93 

Fir .  6. Hydrogen adsorption isotherms at 120 kPa 
total pressure. 
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FIG. 7. Carbon monoxide adsorption isotherms at 
120 kPa total pressure. 

apparently in adsorption equilibrium. The 
time required for partial recovery of magne- 
tization during the desorption of CO and 
CH 4 adsorbed species was significantly 
higher. 

DISCUSSION AND MODELING 

Reaction Analysis 

The object in this section is to character- 
ize the main features of the methanation re- 
actions by relating the in situ magnetic data 
to the kinetic data. A consequence of Eq. 
(2) is that during chemisorption, the relative 
change in catalyst magnetization is directly 
proportional to two principal chemisorption 
parameters, namely, the quantity of ad- 
sorbed gas, and the type of adsorbate-Ni 
bonding configuration. For adsorption of a 
single gas, under special conditions (using 
high-field magnetic methods), these parame- 
ters can be evaluated separately. During re- 
action, however, in which reactants and 
products simultaneously interact with the 

modynamic equilibrium at the catalyst sur- 
face. Magnetic loss due to H2 was significant 
only at very high concentration. Magnetic 
losses due to CO and CH 4 adsorption were 
higher than those due to CO2, for compara- 2.0 
ble concentrations. Carbon monoxide and 
methane adsorptions were found to be slow 4.0 
and irreversible. A time-independent 
(steady or equilibrium) state is achieved 8.0 
within 30 min. Original levels of catalyst 
magnetization were not regained upon flow- ~ 8.0 

o 

ing pure He through the catalyst bed, follow- 
ing the adsorption experiments. In addition, ~10.0 
during CO adsorption, small amounts of 
COE (approximately 1 to 3% of the CO in 

12.0 

the feed, increasing with temperature) were 
observed in the effluent. The results for CO 
are indicative of disproportionation of CO 14.0 
into C and CO2 (Boudouard reaction). Car- 
bon dioxide adsorption was irreversible at 18.0 
temperature above 523 K, whereas, for 
lower temperature, original levels of magne- 
tization were regained after only 30 min of 
pure He flow. Thus, below 523 K, CO 2 was 

Vo l  % C H  4 in H e  

1.0 2.0 3.0 
i i i i 1 i 

o 523 

x 493 

t~ 473 

• 453 

\ 

FIG. 8. Methane adsorption isotherms at 120 kPa 
total pressure. 
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F[6.9. Carbon dioxide adsorption isotherms at 120 
kPa total pressure. 

catalyst, A/z becomes a complex function of 
the adsorption parameters of the different 
adsorbates on the surface. Under reaction, 
the relative change in magnetization can be 
thought of as reflecting the change in the 
overall catalyst surface utilization; relating 
the magnetic data to the kinetic data is facili- 
tated by using this term, which roughly rep- 
resents the combined influence of all the 
adsorbates on the surface. 

To determine the dominant species on the 
surface during reaction, let us compare the 
expected contribution of each species to 
AM~M, with that actually observed. Plotted 
in Fig. 10(a) is the relative magnetic loss 
versus temperature for a constant (2 voi%) 
CO feed concentration. This curve was ob- 
tained from a cross section of the corre- 
sponding data in Fig. 4. Inspection of the 
figure reveals that as the temperature in- 
creased, relative magnetic loss decreased, 
which corresponded to an increase in CH 4 
yield. This result indicates that overall sur- 
face utilization decreased with temperature 

as conversion of CO increased. A similar 
trend exists for other feed concentrations 
(Fig. 4). The individual expected adsorption 
contributions are also plotted (dashed lines), 
obtained from the magnetization adsorption 
isotherms of CO and CH 4 (Figs. 6 and 7) at 
the same temperature and the same partial 
pressure. The contribution of H 2 was al- 
ready accounted for, since the reaction data 
were recorded only after the surface 
reached steady state with flowing H2. Ad- 
sorption experiments indicated that the con- 
tribution due to H20 was negligibly small. 

The magnetic data in Fig. 10(a) indicate 
that the change in overall surface utilization 
during methanation was proportional to the 
expected change in surface utilization for 
the adsorption of CO. The total expected 
magnetic loss obtained from the single-gas 
studies is naturally larger than those for the 
reaction, since the two species exerted mu- 
tual inhibition. This comparison shows that 
the affinity of the surface for CO was larger 
for CH 4 and that magnetic loss declines with 
temperature, even though the partial pres- 
sure of CH 4 increases. The relative magni- 
tude of these affinities is already evident 
from the single species adsorption data 
(compare Figs. 7 and 8), showing larger 
magnetic loss for CO than CH 4 under similar 
conditions. The decline in overall surface 
utilization during reaction supports the pro- 
posal that adsorbed CHx species apparently 
accounted for a comparatively small frac- 
tion of overall surface utilization. If CHx 
constituted the most abundant surface spe- 
cies during methanation, then the trend in 
overall surface utilization would more likely 
reflect that by the adsorption of CH 4. This 
leads to the conclusion that the dominant 
surface species was CO. 

As a comparison, in a study of CO hydro- 
genation on Ni/SiO2, Dalmon and Martin (6) 
concluded that a decrease in the saturation 
magnetization of the catalyst with increas- 
ing temperature corresponded to an in- 
crease in the conversion of adsorbed CO 
into gaseous CH 4. In their study they mea- 
sured changes in saturation magnetization 
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FIG. 10. Determination of the dominant surface species by comparing magnetic loss during reaction of 
2 vol% CO (a) or 2 vol% CO_, (b) with single-species adsorption. 

(using high-field magnetic techniques) and 
observed that, within a certain range, in- 
creasing the temperature was accompanied 
by a decrease in the change of saturation 
magnetization (directly proportional to the 
number of occupied Ni sites). The proce- 
dures employed in this study for CO metha- 
nation and in situ magnetic measurements 
were significantly different from those used 
in (6), but our results are conistent with their 
interpretation of the magnetic behavior. 

Comparison of the kinetic data of Figs. 4 
and 5 shows that, although the rates of both 
carbon oxide methanation reactions are sim- 
ilar, the surface composition under identical 
condition is significantly different. Plotting 
the cross section of a given CO2 methanation 
magnetization data, as was done for CO, 
shows increasing overall surface utilization 
with increasing temperature (Fig. 10(b)). 
Comparison of the relative magnetic losses 
observed under reaction with the magnetic 
losses expected for the individual contribu- 
tions of CO2 and CH4, from their mixture 
in He, indicates that the surface primarily 

consisted of CHx adsorbed species and not 
of CO2 species. The large difference in the 
magnitude of the expected magnetic losses 
for CO2 and CH 4 reflects the different affini- 
ties of these adsorbates on the Ni surface at 
nonsaturation conditions (Figs. 7, 8). The 
single-gas adsorption experiments clearly 
show that CH 4 utilizes more of the Ni sur- 
face than CO, for identical reaction condi- 
tions. 

In the temperature range studied here, 
Falconer and Zagli (12) showed that CO 2 
dissociates on Ni/SiO2 to give CO and O 
adsorbed species. This result has led to the 
proposal that the mechanisms of CO~ and 
CO methanation are similar. Our results 
contradict this conclusion, suggesting that 
either CO2 dissociation is not immediate or 
that the formed CO adsorbed species react 
fast and contribute little to the surface cov- 
erage. 

Adsorption Analysis 

We now correlate from the magnetic data 
recorded during adsorption with a Lang- 
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relative change 
was written as 

muir-type isotherm and compare our obser- 
vations with those of previous studies. The 

in catalyst magnetization 

AM --2A/x (A/z12 
M = l~vp + - -  (2) \L%" 

The change in the magnetic moment per par- 
ticle, A~, is directly proportional to the 
amount adsorbed, i.e., 

A g  -~- x i m i ,  (9) 

where x i is the number of molecules of gas 
i adsorbed on the particle and m i is the 
change in the magnetic moment per particle 
caused by the adsorption of each molecule 
of gas i (Bohr magneton/molecule). The lat- 
ter can be expressed as 

m i = Si~I, BnB,  (10) 

where si is the number of nickel atoms uti- 
lized per molecule of species i (sites/mole- 
cules),/xt~ is the standard Bohr magneton, 
and ns is the number of Bohr magnetons per 
atomic site for nickel. We now have 

A M  -- 2~BnBsix~ ( .BnBSiXi) 2 
--M--= l~t'p + - - -  k l~'p / 

2 2 = -2CroUp+ CroUp, (I1) 

where 

and 

Cm = /-%rib _ /.tans (12) 
I~t, p N Is V p 

U i = s i g  i (13) 

with Vp being the total volume of N catalyst 
particles of volume up, in the reactor, and 

gi = Xi N (I 4) 

is equal to the total number of molecules 
of i adsorbed by the catalyst sample. The 
magnetic coefficient (site-1), C,n, consists 
of magnetic constants particular to the cata- 
lytic material only, and is independent of 
any adsorption process. The surface utiliza- 
tion funct ion,  U i, for adsorbate i, represents 

the observed number of nickel atomic sites 
utilized by molecules of i. Ui, having dimen- 
sions of number of sites, is expected to be a 
complex function of temperature and pres- 
sure, due to the complex nature of the ad- 
sorption parameters, s i and gi. 

To develop a functional form for U; in 
terms of fundamental parameters would 
necessarily require theoretical knowledge of 
the adsorption parameters si and g;, for a 
given adsorbate/catalyst system. For pur- 
poses of data analysis, a practical form for 
Ui is desirable. Clearly, at a constant tem- 
perature, as adsorbate pressure increases, a 
limit is expected to be reached in the amount 
of catalytic sites utilized by adsorbed mole- 
cules of i, possibly corresponding to more 
than a monolayer coverage. The data sug- 
gests representation by a form similar to the 
Langmuir single species adsorption iso- 
therm, without imposing the assumptions 
associated with the Langmuir model of 
chemisorption, 

Si ui Pi 
Ui = I + RiP  i (15) 

where Pi is the partial pressure of gas i in 
the catalyst bed, Si is the maximum number 
of nickel sites utilizable by adsorbed mole- 
cules of i at a given temperature, and u; is 
being introduced here as the surface utiliza- 
tion coefficient for adsorbate i (dimensions 
of reciprocal pressure). We can then write 
Eq. (I I) as 

A M  - 2CmSi u i e i  (CmS i u ie i )  2 
M--  = 1 + uiP i + \ f  --+~iPi,~ " (16) 

By writing the solution to Eq. (16) as 

= I I + ~ (17) 

and plotting the data in this form, the two 
parameters CmSi and u i can be determined 
from the slope ( I /CmS i Hi) and y-intercept 
( l /CmSi )  of the plot for each adsorbate/He 
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TABLE 2 

Surface Utilization Coefficients as a Function of Adsorption Temperature 
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Temp. (K) 453 473 493 523 573 
un2(kp a- t) 0.033 0.027 0.025 0.024 0.019 
Uco(kPa-i) 0.24 0.30 0.41 0.056 0.62 
UcH4(kPa-i) 0.11 0.13 0.16 0.018 0.23 
Uco:(kPa- l) 0.017 0.026 0.048 0.058 0.061 
Un2o(kPa r) 0.027 0.031 0.034 0.039 0.048 

system. Good fit is obtained, as is evident 
from the lines in Figs. 6 through 9, which 
were plotted by using Eq. (16). Surface utili- 
zation coefficients were evaluated and are 
tabulated as a function of temperature for 
each gas studied (Table 2). 

The surface utilization coefficients reflect 
the trends observed in the magnetic-adsorp- 
tion data: Uu~ decrease with temperature, 
whereas Uco, Ucn4, and Uco: increase with 
temperature. Surface utilization coefficients 
for H20 were calculated indirectly by ex- 
ploiting the data obtained from 0 2 hydroge- 
nation (9). Conversion of 02 was complete 
within the temperature range studied, sug- 
gesting that the adsorbed species consisted 
mainly of hydrogen and water-like surface 
intermediates. Relative magnetic loss in- 
creased with temperature, indicating an in- 
crease in surface utilization with tempera- 
ture during the formation of water. Although 
this approach is indirect, the results give a 
practical in situ approximation to the magni- 
tude of the interaction of H20 on the Ni/ 
kieselguhr catalyst compared to the other 
adsorbates. Values of Un,o are small, of the 
order of magnitude of Uuo, which implies 
that surface utilization by H:O is expected 
to be minor compared to that by CO and 
CH4. 

Each of the adsorbates studied in the pres- 
ent work have been previously investigated 
for their adsorption behavior on Ni/SiO 2 
catalysts. The particular behavior of each 
adsorbate-nickel system depends on the 
specific properties of the nickel catalyst, and 
on the reactor conditions employed in the 
experiments. A detailed discussion for each 

adsorbate is unnecessary here; however, 
the main features of adsorption behavior 
found in this study are briefly discussed with 
respect to other selected adsorption studies. 

A few comments are worthwhile concern- 
ing the meaning of the surface utilization 
coefficient, u i, defined by Eq. (15). This co- 
efficient should not be thought of as a con- 
ventional adsorption coefficient, even 
though it appears in a Langmuir type of 
equation for ideal adsorption of a single gas 
in equilibrium with a catalyst surface. The 
u; are directly proportional to two factors: 
the amount of adsorbate on the surface, and 
the amount of surface utilized by that 
amount of adsorbate. The temperature de- 
pendence of u i reflects changes of both fac- 
tors. Three types of behavior can be catego- 
rized (refer to Table 2): (a) If adsorption 
equilibrium exists and the adsorbate-Ni 
bond (site) number is temperature indepen- 
dent, then the amount adsorbed decreases 
with temperature (exothermic adsorption). 
In this case, u; is expected to decrease with 
temperature. This appears to be the case for 
H 2 adsorption, in which it was observed that 
the H-Ni  bond number is constant within 
the temperature range studied here (13). At 
these conditions, H 2 normally reaches ad- 
sorption equilibrium on Ni/SiO2 catalysts 
(14). (b) Adsorption equilibrium exists, but 
the bond number increases with tempera- 
ture. If the increase in bond number com- 
pensates for the decrease in amount ad- 
sorbed, then u i will increase. For CO2 
adsorption at temperatures below 523 K, we 
concluded that adsorption equilibrium was 
reached. The bond number of CO2-Ni was 
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observed as continuously increasing with 
temperature in the range of 300 to 600 K, 
and the adsorption of CO2 was proposed as 
being reversible in this temperature range 
(15). These observations are consistent with 
an increase in Uco, between 453 and 523 K. 
(c) Nonequilibrium conditions exist, in 
which adsorption is irreversible and/or an 
additional surface reaction takes place (e.g., 
carbon deposition, nickel carbide forma- 
tion, surface oxidation). In this case, even 
if the adsorption system is at true steady 
state, an increase in temperature will cause 
an increase in the rate of irreversible adsorp- 
tion, an increase in surface utilization, and 
therefore, an increase in ui. The adsorptions 
of CO, CH4, and COz fall into this category. 
For temperatures above 300 K, the adsorp- 
tions of CO and C H  4 a r e  irreversible; they 
are accompanied by carbon deposition via 
the Boudouard reaction (16, 17), and nickel 
carbide formation via dehydrogenative ad- 
sorption (18, 19), for CO and CH4, respec- 
tively. Carbon dioxide also adsorbs irre- 
versibly above 523 K, apparently as a result 
of its dissociation into CO and O surface 
species (20, 21). Thus, surface utilization 
coefficients for CO, C H  4, and CO2 are ex- 
pected to increase with temperature. 

Comparison of surface utilization for the 
products (CH4 and H20) with that of the 
reactants suggests that inhibition by the for- 
mer cannot be neglected. Previous studies 
of Ni-catalyzed methanation reactions typi- 
cally ignored product inhibition; this is prob- 
ably due to low conversions. In a recent 
study of the nickel-catalyzed shift-methana- 
tion reaction (CO + H20), the adsorption 
of H20 alone, and with CO, on an alumina- 
supported Ni catalyst, was investigated us- 
ing IR spectroscopy (22). It was concluded 
that H20 dissociatively adsorbed on the Ni 
surface (in addition to the support material), 
at temperatures above 300 K, and that its 
presence on the surface played an active 
role in the methanation reaction mech- 
anism. 

Each of the adsorbates studied in the pres- 
ent work have been previously investigated 

for their adsorption behavior on Ni/SiOz 
catalysts. Adsorption studies with applica- 
tion of the low-field magnetic-induction 
method, have successfully used the proce- 
dures developed by Selwood (2) for corre- 
lating magnetization-adsorption data. 
However, these studies mostly employed 
vacuum conditions, and quantitative corre- 
lations were performed for H 2 and O 2 only 
(23-25). In a study of sulfiding in nickel cata- 
lyst beds (26), magnetic output vs bed depth 
data were successfully correlated with a 
polynomial equation. 

Kinetic Modeling 

Reaction rate expressions employed for 
the carbon oxide hydrogenations are of the 
Langmuir-Hinshelwood form. Success of 
correlating the magnetic-adsorption data 
with a Langmuir type of equation suggests 
that the hydrogenation rate data can be mod- 
eled in a similar way. The justification for 
this functional form is that it is consistent 
with the kinetic data, and can be used for 
interrelating the surface utilization coeffi- 
cients in a relatively simple way. The ap- 
proach taken in this work is to use the sur- 
face utilization coefficients, ui, of the single- 
species studies in the rate equations and to 
determine the reaction velocity from the ki- 
netic data. The relative magnitudes of the ui 
reflect the relative strengths of interaction 
with the nickel surface. Clearly, adsorption 
behavior under hydrogenation conditions is 
expected to differ from the single-species 
study; nevertheless, inclusion of the various 
ui in the rate expressions serves as a practi- 
cal approximation in modeling the data. 

Similar to the single-species adsorption 
analysis, the surface utilization function for 
multicomponent adsorption is expected to 
be of the form 

U~ _ u, e i  
(18) 

S, 1 + y~.~t ' j '  
J 

where the summation is performed for all 
the adsorbates present during reaction con- 
ditions. Using the principle o f  mass action 
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between reacting species, the rate of metha- 
nation is made to be proportional to the 
product of the surface utilization ratios of 
hydrogen and the carbon oxide, 

rCH 4 = ko(UH2/SHE)(UCOx/SCox) (19)  

o r  

° vi \-P~co-~ "]' (21) 

where the p0 are the feed partial pressures, 
and the vi are the stoichiometric coefficients 
(positive for products). The rate of methane 
formation can thus be written as 

( ur,~e rQ( UcoxO cox) 
FCH 4 ~ k0 

[1 + (UH2PH2) + (ucoPco) 

+ ( / / cH4PcH)  + (U H2oPH20 )]2 

(20) 

This generalized rate equation contains 
just one adjustable parameter, k0. Analysis 
of the adsorption data showed that surface 
utilization by CH 4 is not necessarily negligi- 
ble, as UCH, >> UCO_~ (Table 2). Most methana- 
tion conditions used in this study favored 
significant conversions to CH4; thus, ne- 
glecting the inhibition effect by these spe- 
cies in the rate equations is not justified. 
This is a practice favored by most studies of 
carbon oxide hydrogenations. To show this 
effect on the kinetic modeling, two forms of 
the rate equation, one including terms for 
CH4 and H20 in Eq. (20), and another in 
which Ucn, = /~/H,O = 0, were applied (the 
two forms are denoted by (+ )  and ( - ) ,  re- 
spectively in the following discussion). 

Since conversion was not small, an iso- 
thermal plug-flow reactor is assumed. The 
longitudinal thermal gradient, across the 
catalyst bed, during reaction conditions, 
was less than 5 ° (9). This result was used as 
the main criterion for reactor isothermality. 
A steady-state material balance for any spe- 
cies i over a differential mass of catalyst 
gives r i : dFi/dW, where ri is the net rate 
of formation of i by chemical reaction (mol 
i/h g-catalyst), F i is the molar flow rate of i 
(mol i/h), and W is the mass of catalyst in 
the reactor (g). Since the reaction mixtures 
were always over 95% hydrogen, negligible 
change in the total molar flow rate, F, is 
assumed and thus, F,. = (ei/Ptotal)F. The 
yield based on amount of carbon oxide fed 
to the reactor is defined as 

dY 
rCH 4 = d(W/FOox ) . (22) 

Substituting Eq. (20) into Eq. (22) results in 
an expression which can readily be inte- 
grated, using the linear relationship between 
the Pi and P 0 • the rate constant, k 0, is CO x , 
readily determined. 

Good description of CH 4 yield is obtained 
for both carbon oxide methanations, by ei- 
ther form of the rate equation. The rate 
equation incorporating product inhibition 
(form +), gave a slightly better fit to the 
data, and was used to calculate CH 4 yields. 
These are compared with the experimental 
data in Figs. 4 and 5 (curves in upper part). 
Arrhenius plots of the rate constants (Fig. 
1 l) show deviation from linearity in the high- 
temperature region (>493 K). This is espe- 
cially evident for the ( - ) form of CO2 meth- 
anation. Product inhibition effect is notice- 
able in that reaction, while it is almost 
negligible for CO methanation. 

The model can now be put to the ultimate 
test by comparing the predicted change in 
AM~M, under reaction conditions, with the 
experimental values. To that end we assume 
that the total magnetic loss is a simple sum 
of the individual contributions 

- M  total = (W/F°cox) 

AM 0 

where to a first-order approximation 

(AM) -2CmSiuiPi 
~i M i :  ~i I + •ujP,  (24) 

J 

The quadratic contribution in Eq. (16) is ne- 
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FIG. l l.  Arrhenius plots of the rate constants of the 
proposed kinetic model for CO (a), and for CO 2 (b) 
methanation reactions. 

glected, which is a justified assumption for 
most of our data. The integration of Eq. (23) 
is an averaging process over the reactor, 
which is necessary when the yield (or con- 
version) is significant. Substitution of Eq. 
(22) for d(W/F°ox), along with Eqs. (20) and 
(24), into Eq. (23), results in 

(-~-)total-(w/l°ox)f 
(~i -2CmSiuiPi)(l+~j ujPJ)dY. (25) 

ko( un2P n2)( UcoxPcox) 
The integral can be solved analytically and 
(AM~M) can be estimated using the prede- 
termined values of the u i (Table 2), and k 0 

(Fig. 11); note that k0 will have a minor effect 
on the computation if the yield is sufficiently 
small. The data presented in Figs. 4 and 5 
represent the magnetic loss from a reference 
of a surface initially exposed to H2, thus 

A M  (+)tota + i-+ Un----~H2 "(26) 

Predicted relative magnetic losses are 
compared to the experimental values at 
three temperatures (Fig. 12). A reasonable 
fit to the magnetic data is obtained for CO2 
methanation. For CO methanation, the pre- 
dicted magnetic losses ascend with increas- 
ing temperature, contrary to experimental 
observation. Consequently, a significant de- 
viation between the calculated and experi- 
mental values exists at the higher tempera- 
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FIG. 12. Observed and predicted relative magnetic 
losses for CO and CO2 methanations (curves corre- 
spond to Eq. 26). 
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tures (>493 K). This effect is due to 
irreversible adsorption and catalyst deacti- 
vation (carbon deposition). These irrevers- 
ible processes accelerate with temperature 
during the single-species adsorption, and 
Uco and Ucn, reflect that trend. Under reac- 
tion conditions, however, irreversibly ad- 
sorbed species apparently react with hydro- 
gen, and this effect is of smaller magnitude 
or entirely nonexistent. 

BET 

Cm 

F 

CONCLUSIONS Fi 
Under the conditions studied, adsorbed F ° 

COx 
CO and CH4 are the dominant surface spe- 
cies during the methanations of CO and gi 
CO2, respectively. The results strongly sug- 
gest that each carbon oxide methanation re- H 
action procedes by a different surface mech- Is 
anism, k 

Mathematical models acquire a higher k0 
credibility with fewer adjustable parame- M 
ters. Ultimately, a model should yield good mi 
description of a process when all of its pa- 
rameters are estimated independently. In N 
predicting catalytic reaction rates, adsorp- nB 
tion parameters should be estimated inde- 
pendently, leaving only the rate constant to Pi 
be fitted. This procedure yields good de- 
scription of the rate for both methanation pO 
reactions studied here. The magnetic loss 
during reaction conditions can be calculated Ptotal 
with predetermined parameters and no ad- r,- 
justable constant. The total magnetic loss 
during methanation is assumed to be a sim- S,- 
pie sum of the individual contributions. Ad- 
equate approximation is obtained for COz s~ 
methanation, whereas, significant deviation T, Ti 
exists for CO methanation. The latter result Tr 
is due to the falsification of CO and possibly Ui 
C H  4 adsorption parameters by irreversible 
processes, u; 

The low-field magnetic induction method 
has been shown to be useful for investigating Vp 
the in situ surface behavior of CO and CO2 
methanation reactions, at practical reactor up 
conditions. Results of the adsorption experi- W 
ments gave in situ information on the sur- x; 
face behavior of the individual reactants, 

which was pivotal for interpreting the re- 
suits of the methanation reactions. 

APPENDIX: NOMENCLATURE 

Brunauer-Emmett-Teller 
(adsorption equation). 

magnetic coefficient defined by 
Eqn. (8). 

total molar flow rate entering 
the reactor. 

molar flow rate of species i. 
initial molar flow rate of the 

carbon oxide. 
total number of molecules 

adsorbed. 
applied magnetic field. 
spontaneous magnetization. 
Boltzmann constant. 
reaction rate constant. 
catalyst magnetization. 
change in magnetic moment 

per particle. 
number of catalyst particles. 
number of Bohr magnetons per 

nickel atom. 
partial pressure of 

component i. 
initial partial pressure of 

component i. 
total reactor pressure. 
rate of reaction based on 

reactant i. 
maximum site number for 

molecule i. 
bond number for molecule i. 
temperature. 
reference temperature. 
surface utilization function for 

adsorbate i. 
surface utilization coefficient 

for adsorbate i. 
total volume of catalyst 

particles. 
particle volume. 
catalyst weight. 
number of molecules adsorbed 

per catalyst particle. 
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Y reaction yield. 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

AM change in catalyst 

AM 
M 

At 
y(~, L) 
Atz 

/-6 B 
/7 i 

magnetization. 
relative change in catalyst 

magnetization. 
change in time. 
relative magnetic moment. 
change in dipole magnetic 

moment. 
Bohr magneton. 
stoichiometric coefficient. 
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